The speed of a solitary wave in a chain of beads is a function of its amplitude, and the details of the beads' contact force. By varying the amplitude of the incoming pulse, and measuring the time-of-flight (ToF), the effect that an added fluid has on the contact force was investigated. It was found that the fluid's rheological properties have non trivial effects on the ToF. This suggests that the ToF of the solitary wave could be a good measurable magnitude characterizing some of the rheological properties of the fluid surrounding the beads' contact points.
The mechanical properties of the contact between solid spheres are of considerable interest in applications involving high stresses on solid surfaces. An extensively used approach to tackle this problem consists in studying the propagation of solitary waves through chains of beads made of the material of interest [1] [2] [3] [4] . The interaction of one of the ends of the chain with an external medium has been proven useful as a diagnostic tool of anomalies in that medium [5, 6] . Given that the time-of-flight (ToF)-the travel time of a pulse through the whole chain-depends on the individual interactions taking place between the beads during the pulse propagation, we expect a clear dependence of this global magnitude on the properties of those interactions. Measurements of wave propagation and ToF in 1D chains and 2D lattices under different conditions of the contact force were reported by Coste and Gilles [7, 8] . In addition, measurements of the ToF in dry and wet chains have been performed previously by Nesterenko et al. [9] and Job et al. [10] . In this work, we have made a detailed study of the effect that the amplitude of the incoming pulse has on the ToF in a dry chain, and the changes produced when the interaction force between the beads is slightly modified by a small volume of oil deposited on, and around the beads' points of contact. To this end, an automated device, capable of controlling the amplitude of the wave with nearly arbitrary resolution, was developed. Our results show that the speed of the solitary wave displays a much richer behavior than merely the increase found in previous works. In addition, these results suggest that the methods used here might be useful to test theoretical models of the contact forces between beads, including the modifications introduced by the addition of foreign materials-fluids in the present case-on the contact points. In our specific case, a study of the propagation of pulses in a chain of stainless steel (type 360) beads of diameter 0.5 inch was made, aimed to unveil the effect of the presence of a small volume of oil on the points of contact between the spheres. To assess the effect of a change in the rheological properties of the fluid, three different types of oil were used.
In precise terms, the system of interest may be described as follows: N identical beads of mass m arranged in a row are in contact and at rest in their equilibrium positions. The displacement of the bead i, i = 1, ..., N , from its equilibrium position is quantified by the coordinate δ i , and its equation of motion is
where f is the interaction force between the beads, ∆ i = δ i+1 − δ i , and g i represent the interaction of each bead with the environment, including a small, positive constant force applied to the bead at the site i = 1, and a small force in each site to ensure the contact between the beads. It can be assumed that the forces g i are nearly the same for all i > 1, and have a very small dependence on δ i . The bead N , in contact with a semi sphere attached to a fixed wall, is subject to the condition δ N +1 = 0. There is a bead acting as the striker at the opposite end. Its position is denoted as δ 0 , and its initial conditions are δ 0 (t = 0) = x 0 0, and v s = v 0 > 0. We are interested in studying experimentally the effect that changes in the function f have on the ToF of the solitary waves. For our purposes, we do not need a complete knowledge of f . We only assume that, at worst, its dependence on time is very weak. Considering that the ToF is a functional of f , our procedure will consist in comparing the ToF of solitary waves traveling on wet chains with the ToF obtained on a dry chain, for a number of values of v 0 . This will allow making a quantitative assessment of the changes in the ToF due to different types of fluids between the beads or, equivalently, different variations of f .
In several aspects our experimental setup is similar to those used in the already mentioned works. Its main components are displayed in Figure 1 . A track made of three parallel rods of silver steel, with diameter 5 mm and a separation of 6.05 mm between the axes of the lower pair, aligns the beads in a row. The upper rod does not touch the balls, and serves merely to secure accessories. To the right, the electromagnetic actuator is shown, ready to fire the striker. The brass block on the left holds the stop, with a piezoelectric sensing element bonded to the latter. In this drawing, the second ball in the row also has a piezoelectric sensor. Near the center, the device in red exerts a compression force on the chain by means of two soft springs (see text).
∼ 6 kg (not pictured). At the left end, a brass block can be seen. A 12.7 mm diameter cylindrical stop made of steel is firmly tied to its center. This block is fastened to two brass rods (not displayed) making a total mass of ∼ 4.5 kg. It can be displaced to accommodate chains of variable length, up to about 52 cm, allowing chains of up to 40 beads of diameter 0.5 inches. A circular piezoelectric ceramic disc is fixed to the flat face of the stop, and a half of a bead is fixed to the ceramic disk. This half sphere ends the chain. The arriving mechanical pulses are detected through the charge pumped by the ceramic disc in response to the compression force. The charge is converted into a voltage signal by a charge amplifier. A bead used as the striker impacts the right end of the chain, and produces a solitary wave. Its impulse is provided by an electromagnetic actuator -displayed at the right side of Figure 1 -driven by a transconductance amplifier. The control signal is a bipolar pulse, calculated by a computer program, which sends it to the input of the transconductance amplifier through a 16 bit DAC interface. This signal is shaped using numerical results of the equations of motion of the actuator-striker system. Within a time interval of 5 ms, the actuator first accelerates the armature-striker mass, and then decelerates the armature. Finally, by applying a small current the armature is gently pulled back to its idle position, leaving the system armed for a new shot. To avoid gaps between the beads, a device with two soft springs gently pushes the first bead against the chain with an adjustable force F ≈ 0.24 N. In addition, the track has a slight inclination of less than one degree, to obtain an idle contact force between the beads as small and uniform as possible. Our experimental setup can generate solitary waves through the chain of beads using striker speeds from some 0.05 m/s through about 2.5 m/s, with a theoretical resolution of about 1.5 × 10 −4 m/s. To measure the travel time of the wave, a bead with a piezoelectric ceramic is inserted at the site i = 7. The time between the maxima of the pulses on this site and the ceramic at the end of the chain defines the ToF through the beads in-between. As only the ToF is of interest here, and given that the signals from both transducers do not overlap in time, they were added into a single channel to maximize the time resolution of the acquired data. Once programmed, this completely automated setup works autonomously, which allows acquiring the large amount of data required for statistical purposes. An auxiliary device, also controlled by the computer program and not shown in Figure 1 , places the striker in contact with the actuator pusher before each shoot. Also omitted in Figure 1 is a photogate designed for precise measurement of the striker speed just before its impact with the chain. This proved necessary in view of several sources of uncertainty present in the shooting device. All of the data generated after each shoot was acquired by the same program, through a 16 bit ADC interface working at 500 kS/s per channel, or one channel at 1.0 MS/s, when a better time resolution was needed. The four cases reported here (the dry chain, and wet chains using three types of oil) required a running time of about 12 hours each, and a total of 4.8 × 10
8 data points. A description in full detail of the experimental device will be published elsewhere.
The experimental results shown here were obtained using striker speeds from 0.075 ± 0.003 m/s through 1.23±0.003 m/s, where the uncertainty was calculated as the standard deviation over 20 shots. At moderately high speeds, it was observed that at equal impact speeds the rebound speeds of the striker were noticeably different. Subsequently, small motions of the beads along the chain were detected. This suggested that tiny gaps between the beads were generated after the passage of the solitary wave. We performed some numerical simulations, which confirmed that observation. In fact, several authors have studied the fragmentation, and the effects of dispersion, on a line of balls [11] [12] [13] . Thus, a change in the methodology was in order. At speeds below ∼ 0.25 m/s, no rebound of the striker was observed. Then, before each measurement the striker was used to give a series of taps to the chain, using a speed v t = 0.18 m/s. In principle, this should compactify the chain. To make sure that no gaps remained in the chain, prior to each measurement 40 taps at v = v t were given. Of course, this made the time necessary for an experiment 40 times longer than an experiment without tapping. It must be remarked that a tapping technique was previously used by several other authors to increase the packing density of granular materials [14, 15] . Summarizing, each point in the following figures was obtained by repeating 20 times the sequence of giving 40 taps, and then shooting the striker at the desired speed to measure the ToF.
In Figure 2 , four curves represent the signals generated by the piezoceramic transducers. The pulses at their centers, whose maxima have been associated to the instant t = 0, correspond to the arrival of the solitary wave to the fixed wall. The pulses on the left, with t < 0, represent the wave passing through the site i = 7, while the pulses FIG. 2 . Signals from the piezoceramic sensors when the impactor speed is vs ≈ 0.82 m/s, normalized to the maximum of the incoming pulse. In all of the plots, t = 0 is fixed to the maximum of the pulse in the wall. The pulses for t < 0 correspond to the incoming wave passing through the ball at the site n = 7, while the pulses for t > 0 correspond to the reflected wave passing through the same site. The top curve corresponds to the dry chain. The remaining curves from top to bottom were obtained with different types of oil between the beads: DS19 vacuum pump oil, SAE 0W-30 synthetic motor oil, and EP 80W-90 gear oil, respectively. It can be seen that the presence of the fluid increases the attenuation of the wave, and modifies the time of flight to a certain extent (see text).
on the right, with t > 0, represent the reflected wave passing through the same site. All the pulses in these plots were produced using the same speed for the striker: v s ≈ 0.82 m/s. If there were conservation of momentum, the area under the pulses at the center should be twice the area under the pulses at the left side, because of the momentum reversal. However, the momentum is not conserved in this system due to the interaction of the beads with the track. In addition, when the amplitude of the wave surpasses a given threshold, at each contact point there is a small rebound, leading to the chain fragmentation mentioned earlier. These two effects explain the size of the central peaks. There is also a small momentum transfer to the wall, but in view of the mass ratio between a bead and the wall, this last transfer should not be greater than 0.2%. In the same Figure, it can be clearly seen that the ToF of the reflected wave is greater in all cases. This is due in part to its smaller amplitude and in part to the chain loosening by the propagation of the pulse before its reflection. Nevertheless, it can be noticed that all of the pulses have nearly the same width, evidencing the non-dispersive character of the propagation.
In Figure 3 a plot of the ToF on the dry chain is dis- played. The lower data correspond to the solitary wave traveling towards the fixed wall, while the upper data represent the ToF of the reflected wave. As expected, the ToF is larger in the latter case. It is also clear that the uncertainty of the data is greater for the reflected wave. These two effects are explained as follows: when the wave is traveling towards the wall, the propagation takes place on a chain compacted by the tapping process. But the wave leaves behind a loosened chain, which is the medium where the reflected wave propagates. This increases both, the ToF and its uncertainty. Without loosening, the increase in the ToF of the reflected pulse would be smaller. The lower data shows clearly the dependence of the ToF on the speed of the striker. Of course, the amplitude of the solitary wave is expected to be a strictly increasing function of the striker's speed, which is confirmed by the experimental data: higher impactor speeds lead to larger wave amplitudes, which in turn lead to faster propagation speeds and smaller ToFs. In what follows, the lower data are used as the reference for comparison with the data obtained on wet chains. Figure 4 displays the effect of adding a drop of oil on the contact points of the beads between the sensor at site i = 7 and the wall. Three types of oil were used: triangles correspond to DS19 rotary vacuum pump oil; squares were obtained using SAE 0W-30 synthetic motor oil; and filled circles correspond to EP 80W-90 gear oil. The exact rheological properties of these fluids are unknown. For the DS19 oil, it is known that it consists essentially of hydrocarbons. The curve of kinematic viscosity as a function of temperature is provided by the manufacturer, so, at the working temperature θ = 23
• C, the kinematic viscosity is ν ≈ 130 cSt. As can be seen, the ratio T wet /T dry for the DS19 oil is less than one for impactor speeds below 1.1 m/s, meaning that the ToF is smaller than that on the dry chain or, equivalently, that the propagation speed of the solitary wave is larger. For impactor speeds greater than 1.1 m/s we see the opposite. Although there are some regions where the ToF decreases while the impactor speed increases, the trend of the data is mainly increasing. The data represented in squares follow a similar trend, except that at higher impactor speeds the ratio T wet /T dry remains below one. In this case, the propagation speed is always larger than that in the dry chain. Interestingly, the behavior with gear oil is very different. As the filled circles show, the ToF is greater than that in the dry chain, meaning that the propagation speed in this case is always smaller, but the general trend somewhat resembles the behavior of the motor oil. Thus, as mentioned earlier, our results reveal a complex behavior, not seen in previous works. At present we do not have a quantitative model for these findings, but a qualitative analysis can be attempted. It is clear that at faster impactor speeds the rate of strain on the contact points is larger. So, the oil around those points must flow faster. As the viscosity limits the flow rate, the ToF should be roughly a decreasing function of the impactor speed. Due to the geometry of the surfaces confining the fluid, and the way they evolve during the passage of the wave, the inertia of the fluid should contribute similarly to this trend. This is seen when the impactor speeds are above 0.95 m/s, but for the motor and gear oils only. Below this speed, in all of the cases we see roughly the opposite behavior. Summarizing, for increasing amplitudes of the wave, the hydrocarbon based oil gives an essentially increasing trend of the ToF, passing from values smaller than that that in the dry chain, to values slightly larger. The motor and gear oils have a global maximum, and their ToF remain below or above of that of the dry chain, respectively. For a detailed explanation of these behaviors, especially the increasing trend of the three cases when the impactor speed is below 0.95 m/s, a theoretical model incorporating a detailed knowledge of the rheological properties of the fluids is required, beyond previous efforts to elucidate the effects of viscosity and inertia in the flow between flat surfaces [16, 17] . Probably the behaviors of the motor and gear oils, as compared to DS19 oil, are related to some non Newtonian characteristic conferred by additives used in these oils to improve their performance. This suggests that measurements of ToF in bead chains under appropriate conditions could make them useful as instruments to measure the rheological properties of fluids.
